Abstract. We present the beam dynamics and electromagnetic studies of a 3 MeV, 325 MHz H À radio frequency quadrupole (RFQ) accelerator for the proposed Indian Spallation Neutron Source project. We have followed a design approach, where the emittance growth and the losses are minimized by keeping the tune depression ratio larger than 0.5. The transverse cross-section of RFQ is designed at a frequency lower than the operating frequency, so that the tuners have their nominal position inside the RFQ cavity. This has resulted in an improvement of the tuning range, and the efficiency of tuners to correct the field errors in the RFQ. The vane-tip modulations have been modelled in CST-MWS code, and its effect on the field flatness and the resonant frequency has been studied. The deterioration in the field flatness due to vane-tip modulations is reduced to an acceptable level with the help of tuners. Details of the error study and the higher order mode study along with mode stabilization technique are also described in the paper.
Introduction
Since its invention in 1970 [1] and first demonstration in 1974 at the USSR Institute for High Energy Physics in Protvino, the radio frequency quadrupole (RFQ) has been established as a popular choice for acceleration of a high intensity ion beam in the very low velocity regime of about 0.01-0.08 times the speed of light. The Indian Spallation Neutron Source (ISNS) proposed to be developed at Raja Ramanna Centre for Advanced Technology, India will use a 1 GeV H À injector linac and accumulator ring to produce a high flux of pulsed neutrons via spallation process. The low energy front-end of this linac will comprise of a 325 MHz RFQ [2, 3] . Main design parameters of the RFQ are listed in Table 1 . It is desired that the RFQ accelerates a beam current up to 15 mA of H À particles from 50 keV to 3 MeV. This beam will be further accelerated to 1 GeV by independently phased superconducting cavities.
High energy section in the injector linac of ISNS is based on 325 MHz single spoke resonators followed by 650 MHz superconducting elliptical cavities. Hence, the most preferable choice for the frequency of RFQ is either 325 MHz or 162.5 MHz, to ease the frequency transition in the linac. The higher frequency option of 325 MHz has an advantage over the option of 162.5 MHz that the RFQ will have shorter length and compact transverse size with higher limit of Kilpatrick field. On the other hand, the larger size of the accelerating structure in the case of lower frequency option could be an advantage for CW machines from the cooling point of view due to lower power density at the surface. This is however not an important issue for us since our design is for the pulsed operation. Moreover, the availability of high power RF source is an important issue while choosing the operating frequency. For ISNS, it is planned to use indigenously developed solid state RF power sources at 325 MHz. Therefore, the operating frequency of the RFQ has been chosen to be 325 MHz. At this frequency, the RFQ electrodes are selected to be vane type due to higher efficiency than that of rod type electrodes.
In this paper, we present a detailed analysis leading to the choice of the beam dynamics parameters in the RFQ structure, and also provide a physical explanation of the results. We would like to emphasize that we did not employ the equipartitioning condition in the design of our RFQ, which is widely used to avoid the emittance exchange between transverse and longitudinal planes due to coupling resonances driven by space-charge in the high current anisotropic beams. In this paper, we have observed that the lack of equipartitioning condition and the resonance crossing are not serious problems from the beam dynamics point of view, as long as we maintain the value of tune depression ratio larger than 0.5, i.e., the beam is not spacecharge dominated. As the design current in our case is only 15 mA, we did not prefer equipartitioned design, which is more complex than the conventional approach, where we have kept the average aperture radius constant.
Being a four-vane type structure, the performance of RFQ is highly sensitive to the fabrication and misalignment errors. To ensure an acceptable quality of the beam at the RFQ exit, the performance of the RFQ has been evaluated in presence of different sources of errors. Based on a large number of statistical simulations, we estimated the required tolerance on the various parameters.
For the electromagnetic design of the RFQ, we have selected 319 MHz as the design frequency of the transverse cross-section of the RFQ, which is different from the operating frequency of the RFQ, i.e., 325 MHz. The design frequency has been chosen such that the operating frequency can be restored, when the tuners operate at their nominal position, which is inside the RFQ cavity volume. The nominal position of the tuners has been chosen inside the RFQ in order to make corrections in the frequency and field errors, efficiently, in the forward as well as backward direction of the tuners movement.
Ideally, the operating mode in an RFQ is a pure quadrupole mode with a flat field distribution along the length. However, this will not be the case, even for a perfectly machined RFQ, due to the presence of vane modulations. We have performed a detailed study on the perturbation of quadrupole mode in an RFQ due to the presence of vane modulations. The stepwise procedure to model the vane modulations in the code CST-MWS is discussed in the paper, along with the studies performed to adjust the tuner positions to reduce the perturbation due to vane modulation to an acceptable level.
We also present the spectrum of higher order modes (HOMs) supported by the RFQ. An RFQ operates in TE 210 quadrupole mode, which has cut-off frequency higher than the fundamental dipole mode. In this case, the deflecting dipole modes can be very close to the operating quadrupole mode, which may make the RFQ operation unstable. Being relatively simple to implement and effective as well, we have chosen the scheme of dipole stabilization rods (DSR) in order to provide a sufficiently wide and symmetric dipole mode free region around the operating mode to avoid any mixing of nearby dipole modes with the operating mode.
The paper is organized as follows. In the next section, we present the procedure and criteria adopted for beam dynamics design of the RFQ, followed by the results of beam dynamics simulations in Section 3. Tolerances on various RFQ errors derived from an exhaustive statistical error study are presented in Section 4. The details of cavity geometry are discussed in Section 5. Design of vane-end cutbacks to properly tune the RFQ ends is described in Section 6. Here, we also discuss the perturbation produced in the resonant frequency and the operating field profile due to vane-tip modulations, and the tuning strategy to efficiently correct for this perturbation using tuners. In Section 7, the details of HOM spectrum and the DSR scheme are presented. Finally, concluding discussions are presented in Section 8.
Basic beam dynamics design
In this section, we present the beam dynamics studies for optimizing various parameters to minimize the emittance growth, and also to maximize the particle transmission. The optimized beam dynamics parameters and the geometrical parameters of the RFQ cells were generated using the codes Curli, RFQuick and Pari, which are included in a package of RFQ Design Codes [4] developed at Los Alamos National Laboratory, USA. The package also includes the codes PARMTEQM and VANES for multiparticle tracking and generation of coordinates of vane-tip profile, respectively. For tracking of multiparticle beam, we used the beam dynamics code TraceWin [5] , which performs more sophisticated 3D space-charge calculations using PICNIC subroutine [6] .
A low energy beam from ion source is a preferable choice to ease the construction of ion source. Also, the low energy injection makes the RFQ shorter. On the other hand, a higher energy beam from ion source is beneficial in order to handle the space charge problem in the low energy beam transport (LEBT) line. Accordingly, an input energy of 50 keV is chosen at the entrance of RFQ. The RFQ is designed to accelerate the beam up to an energy of 3 MeV, which is an optimization between the lower acceleration efficiency of RFQ at higher energy, and higher space charge problem for the injection of the beam with lower energy in the accelerating structures following the RFQ. Another important issue is that the threshold energy for neutron generation by interaction of protons with copper is found to be 2.164 MeV [7] [8] [9] . Since the particles are accelerated up to 3 MeV in the RFQ structure, there is a probability of radioactivity induced due to neutron generation in the structure by the particles lost on the cavity surface with kinetic energy more than 2.164 MeV. Therefore, we have designed the 3 MeV RFQ by minimizing the beam loss after 2.1 MeV in the structure. For the beam dynamics design, the conventional adiabatic design approach is used. In this design approach, the RFQ is divided into four sections, namely, radial matching section (RMS), shaper section (SH), gentle bunching section (GB) and accelerating section (ACC). RMS matches the DC beam from ion source to the time varying strong focusing channel of the RFQ. Without the RMS, the acceptance of RFQ continuously varies with time, which provides very small acceptance to the DC beam coming from the ion source. In the RMS, the distance of vane-tips from the beam axis is increased gradually towards the entrance of RFQ, such that the acceptance at the entrance becomes time- The intervane voltage and the average aperture are kept constant along the length of the RFQ [10] . Keeping the intervane voltage and the average aperture radius constant along the RFQ length provides a constant focusing throughout the RFQ irrespective of the requirement of varying focusing strength along the RFQ. Also, this leads to localized beam loss, mainly at the end of GB section. Yet, we have preferred a constant intervane voltage and average aperture radius in our design, since it makes the mechanical fabrication and RF tuning simpler due to uniform field distribution.
Intervane voltage is one of the very important parameters. For a fixed aperture of the structure, higher intervane voltage results in higher accelerating gradient, which could make the RFQ shorter. However, it requires more RF power and is more prone to RF breakdown. In our adiabatic design approach, the value of intervane voltage is chosen to be ∼80 kV.
We now describe the methodology adopted to choose the basic beam dynamics parameters. First of all, the parameters at the end of GB section are optimized using the code Curli. The energy at the end of GB section was chosen as 0.6 MeV, which is an optimization between the length and the transmission efficiency of the RFQ. For the choice of lower energy at the end of GB section, the particles do not spend enough time in the GB section to be properly bunched, as a result of which some particles get lost in the ACC section. This however results in a reduction in the required length of the RFQ. On the other hand, if we choose higher energy at the end of GB section, the transmission at the exit of RFQ becomes larger due to proper formation of the bunch of the particles; however, the length of RFQ increases.
At the end of GB section, a choice of aperture radius a and modulation parameter m is made in such a way that the values of transverse and longitudinal current limits are equal. There can be various choices for the aperture radius and modulation parameter at which both current limits are equal, which can be seen in Figure 1 . Variation of peak surface electric field with minimum aperture radius is also shown in Figure 1 . The Kilpatrick limit of peak surface electric field to avoid RF breakdown is calculated to be 17.85 MV/m at the frequency of 325 MHz. To keep the peak surface electric field value less than 1.9 times Kilpatrick limit, we have chosen a value of 0.21 cm for minimum aperture radius a at which the modulation parameter m is 2.25 at the end of GB section.
Next, the RFQuick code was used to find out the optimum value of energy at the end of SH section. Here, again an optimum choice was made between the particle capture efficiency and the required length of the RFQ, and a value of 0.09 MeV was found to be the most suitable.
Starting with this choice of parameters, the cells were generated along the total length of RFQ with the help of the code Pari. Variation of beam dynamics parameters along the RFQ is shown in Figure 2 . In order to maximize the beam capture, the synchronous phase ' s at the beginning of the RFQ is kept at À90°, which is kept constant in the RMS. In the SH section, the accelerating field is increased steadily from zero by increasing the modulation parameter m, while the synchronous phase ' s is maintained at À90°up to ∼50 cells to obtain the high capture efficiency. Then, ' s is linearly increased in the SH section until arriving at the starting point in GB section. In the GB section, the ' s and m are increased adiabatically up to a specified value, following a profile such that the geometric length of the bunch remains constant. This controls the space-charge defocusing during bunching process. The synchronous phase at the end of the GB section is chosen as À30°. In the ACC section, the phase is kept constant at À30°to efficiently accelerate the beam up to 3 MeV.
The average aperture radius r 0 and the transverse radius of curvature r of the vane-tip are kept constant along the length of RFQ after the RMS section. This is for ease of mechanical fabrication. The ratio r/r 0 is thus constant, which results in a constant capacitance per unit length along the axis of RFQ [11] . The optimum choice of r/r 0 is based on a compromise between the Kilpatrick limit and the multipole effects. For a larger value of r, the spacing between the adjacent vanes becomes small, which may cause sparking problem due to electric field enhancement between the vanes. Therefore, a lower value of r is preferred, while at the same time ensuring that the vanetips do not become too sharp to increase the peak surface field. On the other hand, a lower value of r has the disadvantage that it will increase the contribution of higher order multipoles in the RFQ potential function. In reference [12] , a value of r = 0.75r 0 is found to be an optimal choice, which we have followed in our design.
At the end of ACC section, if one pair of the opposite vanes lies at a distance a apart from the beam axis, the other pair of opposite vanes will be at a distance ma apart from the beam axis. Due to the unequal spacing of vanes, there will be a time-varying potential at the beam axis, which would cause energy spread in the output beam. Therefore, in order to make a smooth transition from the modulated vanes to the unmodulated vanes that are equally spaced from the beam axis, a transition cell is incorporated after the ACC section. The length of transition cell is 3.15 cm, at the end of which the on-axis potential is zero due to quadrupole symmetry of the vanes. After the transition cell, we have also added a short fringe- field section (FFS) of length 1.14 cm in order to make the beam axisymmetric at the end of RFQ. The total length of the RFQ, including these cells is 348.53 cm.
Beam dynamics simulation results
The multiparticle simulations were performed by using the code TraceWin. In our simulation, dynamics of 10 5 macroparticles was observed along the length of the RFQ. The transverse distribution of particles at the input of RFQ was assumed to be 4D Waterbag, which is same as used in design studies performed for other projects on RFQ design [13] [14] [15] . We have considered a transverse normalized rms beam emittance of 0.3 mm-mrad with uniform phase distribution within ±180°and an energy spread of ±0.5%, which is a conservative choice for the distribution at the exit of LEBT. A matched beam was generated at the entrance of RFQ using the code TraceWin and the values of matched Twiss parameters at the RFQ entrance were obtained as a x = a y = 1.33, and b x = b y = 0.042 mm/mrad. Figure 3 shows the beam envelope in the transverse as well as longitudinal plane. It can be seen that the transverse beam size did not grow significantly along the length of the RFQ. In the longitudinal plane, the particles are initially distributed uniformly in the phase from À180°to +180°. As the synchronous phase ' s starts to increase gradually from its initial value of À90°, the synchrotron oscillations of the beam particles start to form a bunch. These oscillations take place up to the end of GB section. Thereafter, the bunch is fully formed, and accelerated at the constant phase of À30°in the ACC section.
The evolution of the beam emittance is shown in Figure 4 . The solid curve represents the transverse normalized rms emittance, whereas the dotted curve corresponds to the longitudinal normalized rms emittance. The transverse normalized rms emittance at the RFQ exit was obtained as 0.31 mm-mrad, which shows less than 5% growth to the input emittance. The longitudinal normalized rms emittance was obtained as 0.41 mm-mrad (0.15 MeV-deg) at the RFQ exit, which is kept intentionally higher than that in the transverse plane, to avoid two hot transverse planes feeding to the longitudinal plane due to emittance exchange [16] .
Next, we discuss about halo particles. These are the outermost particles in the beam possessing large amplitude oscillations through the beam core. Halo formation is undesired in any accelerating structure as it increases the beam emittance. Also, when halo particles strike the cavity walls, radioactivity can be induced in the structure. Halo formation can be quantified in terms of the halo parameter H [17] . The value of H larger than 1 indicates the formation of halo in the beam profile. Figure 5 shows the halo parameter along the length of the RFQ. The halo parameter for the transverse and the longitudinal planes is shown by the solid and dotted curves, respectively. Throughout the structure, the transverse halo parameter did not exceed the value 1. This indicates that in the transverse plane, no halo is formed. This reflects in insignificant emittance growth in the transverse plane due to halo formation, which can also be seen in Figure 4 . On the other hand, in the longitudinal plane, except up to the SH section, the value of halo parameter is around 1. This is understood because as we increase the accelerating field in the SH section linearly (non-adiabatically) for the continuous beam, this may results in the large amplitude oscillations for some particles. These particles are lost during the acceleration process in the ACC section. However, this happens when the beam energy is below the threshold for neutron production, i.e., 2.164 MeV, as shown in Figure 6 . The transmission efficiency of the RFQ for the accelerated particles was found to be 99%, which is shown in Figure 7 . It is also clear from Figure 7 that most of the particles are getting lost at the transition points along the RFQ structure, i.e., the end of SH section and the end of GB section. The optimized cell parameters and the beam parameters at the exit of the RFQ are listed in Table 2 .
In an accelerating structure, the zero-current coupling resonances occurs at all rational tune-ratios s 0l /s 0t , where s 0l and s 0t are the zero-current phase advances per period for the longitudinal and transverse oscillations, respectively. In the presence of strong space-charge, these coupling resonances get broadened and overlap with each other, such that the resonance may occur at all tune-ratios s l /s t , where s l and s t are longitudinal and transverse phase advances per period, respectively. If the beam possesses different internal energies in the transverse and longitudinal planes, the energy transfer or the emittance exchange occurs between these planes due to coupling resonances driven by nonlinear space-charge forces. This is a source of emittance growth in a high-current linac [2] . If the beam can be made equipartitioned, i.e., the internal energies in both planes are equal, no free energy will be available to drive these resonances. The equipartitioning condition [2] can be described as
where, e ln and e tn are the normalized longitudinal and transverse emittances respectively. The equipartitioning is not a necessary condition to avoid the emittance growth; it is an optional criterion in the design of an RFQ. We did not employ equipartitioning condition in the beam dynamics design of the RFQ. Instead, we kept the value of tune depression s/s 0 , i.e., the ratio of the phase advance with space-charge to the phase advance without space-charge, larger than 0.5 in both planes in order to avoid the strong coupling resonances in the space-charge dominated regime. This ensures no significant emittance growth due to coupling resonances. This can be understood from the Hofmann chart [18] , shown in Figure 8 . Hofmann chart for a particular value of emittance ratio depicts the growth rate of the instability for a given value of tune depression and tune ratio. In our case, the longitudinal to transverse emittance ratio is around 1.3. The trajectories of the tune depression in the transverse plane as well as in the longitudinal plane are shown in the Hofmann chart, as a function of the tune ratio. The dotted black line in the Hofmann chart corresponds to the equipartitioning condition. It can be seen from Figure 8 that the tune depression in the transverse plane is maintained at a large value around 0.8, whereas in the longitudinal plane, the value of tune depression is more than 0.5, after the non-adiabatic SH section. Due to the large values of tune depression ratio maintained in the RFQ, the trajectories are crossing the instability resonances where the intensity of these resonances is very low. This results in an insignificant emittance growth, which can be seen in Figure 4 . Therefore, it can be expected that as long as the tune depression ratio is kept larger than 0.5, the condition of equipartitioning may be relaxed in the design process to avoid the significant emittance growth. However, more examples of such design studies may be needed in order to conclude.
Next, we discuss about the calculation performed to find out the acceptance of the RFQ structure. Acceptance is the representation of the coordinates of the particles in phase space which can be transmitted through the structure without loss. For an RFQ, a synchronous phase of À90°at the input and adiabatic bunching followed afterwards makes the longitudinal acceptance to be almost 100% for the input beam with zero energy spread. However, the energy spread in the input beam may cause some particles to be left unoccupied in the longitudinal separatrix at the RFQ entrance. On the other hand, in the transverse phase space, the acceptable input beam emittance is limited by the aperture of the RFQ structure. We have calculated the transverse acceptance of the RFQ by using the code TraceWin. A large enough beam size is considered for the input beam such that it includes all the particles, which could survive until the end of the RFQ structure. A uniform distribution of 10 5 particles with zero beam current was assumed for the input beam in order to calculate the zero-current acceptance, which is a property of the structure only and does not depend on the input beam. When the large size beam propagates through the RFQ structure, some particles are lost depending on the aperture variation along the RFQ length. Coordinates of the survived particles in the input beam distribution represent the acceptance of the RFQ, which is shown in Figure 9 . From the initial phase space ellipses of the survived particles, the zero-current transverse normalized rms acceptance of the RFQ structure is calculated to be 1 mm-mrad.
If space charge is considered in the calculation, then the acceptance will depend on the beam distribution and the beam current. Effect of transverse rms emittance of the input beam on the transmission efficiency and the output emittance was studied with 15 mA beam current and 4D Waterbag distribution of particles. The results are plotted in Figure 10 . At lower values of the input emittance, there is slight emittance growth at the output of the RFQ. At larger values of input beam emittance, the particles start getting lost, and the beam exits with lower emittance at the output of the RFQ. It is also observed that more than 90% beam transmission can be achieved with the input rms emittance up to 0.5 mm-mrad. R 9 (2018) We would like to mention that in order to explore the possibility of future upgradation of the project, we have studied the performance of RFQ with higher beam current. Although the RFQ is designed for 15 mA beam current, it is found from the study that the beam current up to 40 mA can be accelerated in this RFQ with more than 95% beam transmission and less than 10% emittance growth.
Error study
During the process of fabrication and alignment, various errors may get introduced in the RFQ cavity, e.g., profile error in the vane-tip and misalignment of vanes and sections. Also, there may be missteering and mismatch of input beam during injection in the RFQ. Effect of these errors on the beam dynamics can be rather large, which may result in an unacceptable beam quality. In order to ensure an acceptable output beam quality in the presence of various errors, we have derived the tolerances on different types of errors by performing a statistical error analysis using the beam dynamics code TraceWin, except for the voltage tilt error and voltage factor, for which the error calculation is performed with the code PARMTEQM. We have assumed a Gaussian distribution truncated at 3s for the input beam and considered 10 5 macroparticles in our simulation. When we did not consider any error, the beam transmission efficiency was 97% and there was no growth in the transverse emittance. The longitudinal rms emittance at the RFQ exit was found to be 0.17 deg-MeV (0.45 mm-mrad).
In order to set the tolerance limit on the errors, we have to define an acceptable criterion for beam loss and emittance growth in the RFQ. Since the beam loss in 9 (2018) RFQ may result in neutron generation and induced radioactivity, it is required that beam loss in RFQ is kept minimum. We define an acceptable limit of <2% for the additional beam loss due to errors, such that we have >95% beam transmission even in presence of various errors. A significantly higher emittance may also lead to beam loss, therefore, in order to limit the emittance of injector linac to twice that of the nominal case without errors, the additional emittance growth in RFQ due to errors was decided to be kept <10% [19] . The effect of combination of various errors was observed on the beam dynamics parameters of RFQ. Considering uniform distribution of errors within defined range with 1000 statistical simulations, the RFQ tolerances are specified in Table 3 . With specified errors, the additional transverse and longitudinal rms emittance growth were found to be 7% and 3.4% respectively with beam loss of 1.6%.
Electromagnetic design of RFQ cavity
Using the beam dynamics codes, the vane-tip parameters, i.e., the average aperture radius, transverse radius of curvature etc., were obtained, as described in the previous section. Next, the electromagnetic code SUPERFISH [20] was used to optimize the transverse cross-section geometry of the RFQ cavity. The design frequency of the RFQ cavity cross-section is chosen to be less than the operating frequency in order to keep a symmetric range for the tuners [21] . Tuners are used to tune the frequency as well as to correct the errors in the electromagnetic field, arising during mechanical fabrication and alignment process. Since tuners are more efficient inside the cavity than outside, their nominal position should be inside the cavity so that they can be moved in both the directions to correct the errors in an effective manner. Therefore, we had to design the transverse cross-section of the RFQ cavity at a lower frequency such that, when the tuners operate inside the cavity, the operating frequency of 325 MHz is restored. In our case, the two-dimensional (2D) cross-section of the RFQ was selected to be resonant at 319 MHz with tuners in flush position (zero position).
SUPERFISH is a 2D code and used to solve the symmetric structures only. RFQfish is a tuning program of SUPERFISH for RFQ and sets up the transverse geometry of the RFQ cavity such that it resonates at the desired frequency. RFQfish assumes a four-fold symmetry and therefore sets up SUPERFISH runs for only one quadrant of the RFQ. Figure 11 shows the outline of an RFQ quadrant set up by RFQfish and Figure 12 shows more details near the vane-tips [20] . The optimized geometrical parameters are shown in Table 4 . The 2D transverse crosssection of the RFQ cavity has been kept constant along the RFQ length, in order to simplify the mechanical fabrication.
With these geometrical parameters, electromagnetic simulations were performed for a quadrant of RFQ. The fundamental quadrupole mode frequency of the cavity was optimized at 319 MHz, and the quality factor for this mode was calculated to be 10280. The dipole mode cut-off frequency was obtained as 310 MHz.
The total power dissipation on the walls per quadrant was 208 W/cm. Taking 30% safety margin for the practical situation, the structure power loss was calculated to be 377 kW. The beam power from the beam dynamics calculation was found to be 44.5 kW. The total power requirement in the RFQ is the sum of structure power dissipation and beam power, which will be 421.5 kW in this case. This is the peak value of RF power. For maximum 10% duty factor, the average RF power will be 42 kW. Also, the average structure power per unit length and the average structure power per unit area were calculated to be 10.8 kW/m and 0.83 W/cm 2 only at 10% duty factor. After the optimization of the vane-tip profile according to beam dynamics requirement, and optimization of the geometrical parameters of the transverse cross-section of the RFQ based on the 2D electromagnetic design, a 3D electromagnetic design study was performed using the 3D electromagnetic computer code CST-MWS [22] .
Due to tight tolerances required on the machining of the vanes of a four-vane type RFQ, the full vane length of around 3.5 m cannot be machined in a single piece. Therefore, it is planned to divide the RFQ in three segments, then braze these segments to make a full length cavity. The RFQ accelerator accommodates various ports for different purposes, as shown in Figure 13 . An RF port is needed for coupling the RF power to the RFQ from the RF source. In order to couple 421.5 kW of RF power from the indigenous solid state power sources, the coaxial loop type coupler is being designed. There will be a provision for 4 numbers of RF coupler ports distributed azimuthally symmetrical in the middle segment. Any type of port is a perturbation for the field in the cavity. Hence, by maintaining the symmetry of the ports in the four quadrants, we minimize the strength of the dipole mode excitation. The diameter of each of the RF port is chosen to be 80 mm according to the outer conductor diameter of the commercially available 3 1/8" coaxial cable for the loop type coupler. Typically, the vacuum level needed in the RFQ structure to avoid RF breakdown is ∼10 À6 Torr [23] . For this purpose, the first and third segments contain the vacuum ports. There are total number of 8 vacuum ports, 4 in each segment, and distributed symmetrically around the four quadrants of the cavity. A provision of total 48 tuner ports is made available in the RFQ, distributed azimuthally symmetric in the RFQ cavity, to flatten the field inside the RFQ and to compensate for the frequency deviation due to any mechanical fabrication and alignment errors. In order to sense the field inside the RFQ, and for taking the feedback sample of the field for the control purpose, a total of 32 sampling loop ports are used along the length of RFQ.
Tuning strategy
As discussed in the previous section, a total number of 48 tuner ports, each of 80 mm diameter are distributed symmetrically around the four quadrants, as shown in Figure 13 . The tuners are metallic cylinders, which increase the frequency of the structure, when inserted in the quadrants. To be incorporated in the tuner ports, the tuner diameter is selected to be 78 mm, in order to account for the sufficient margin for the RF sealing. In order to study the effect of tuners on the field profile and resonant frequency, we modelled the 3D geometry of RFQ cavity with unmodulated vanes in CST-MWS code. With tuners at flush position, the fundamental quadrupole mode frequency was calculated to be 318.99 MHz. The frequency shift of the RFQ due to insertion of the tuners in the range of À35 mm to +35 mm was calculated, which is shown in Figure 14 . Also, the field flatness in the RFQ cavity was calculated with respect to the tuner positions, which is also shown in Figure 14 . Error in the electric field flatness or electric field ripple is defined as 2(E max À E min )/ (E max + E min ), or ±(E max À E min )/(E max + E min ), where E max and E min are the maximum and the minimum values of the transverse electric field, respectively, along the length of RFQ. It is clear from Figure 14 that the frequency and field error are very much sensitive to the tuners position, when the tuners operate inside the cavity volume. We observed that the frequency shifts linearly with the tuner position in the range of À5 mm to +35 mm. However, we have derived a limit of ±3% or 6% on the field ripple error using the code TraceWin for an acceptance criterion of less than 5% beam loss and less than 10% emittance growth, which limits the tuner position range to be [À5 mm, +20 mm]. In order to perform corrections on both sides of the cavity resonance peak, the tuners should be at about half of their tuning position range inside the cavity. Therefore, the nominal position of the tuners is selected to be +9.8 mm inside the RFQ cavity, at which the operating frequency of 325 MHz can be restored. With the specified range of tuner position, the tuning range of ±10 MHz can be achieved in our design.
To work as a resonator, the RFQ structure has to be closed at both ends, i.e., the entrance and the exit ends. However, if we close the RFQ ends by placing the conducting end-walls, the cut-off frequency of the quadrupole mode will correspond to TE 211 mode instead of the desired TE 210 mode. Therefore, the ends of the vanes of the RFQ structure should be shaped in such a way that the magnetic field of the fundamental quadrupole mode becomes tangential at the end-walls to satisfy the boundary conditions for the TE 210 mode at the ends of the structure. These properly shaped vanes at the ends are called as vaneend cutbacks. Optimization of the cutback parameters is described in the following subsection.
Vane-end cutback design
A typical schematic of the vane-end cutbacks is shown in Figure 15 . We have incorporated the variation of aperture in the RMS and FFS sections in our simulation model. The RMS and FFS sections were modeled in CST-MWS by translating the transverse vane profile curve towards the end-plates. Each translated curve, covered with PEC material, was shifted vertically (for vertical vanes) or horizontally (for horizontal vanes) according to the radial coordinates of vane-tip in the RMS and FFS sections, derived from the code VANES [4] . Then, the faces of the covered profiles were joined using loft operation in CST modeler in order to model the vane in the RMS and FFS sections. Various parameters need to be optimized for the design of cutbacks [24] . Here, b is the radius of the beam hole at the end-plate, t is the thickness of the end-plate, g is the gap between the vane and the end-plate, d is the undercut depth up to which the vane is removed, h 2 and h 3 are the heights of the vane at the starting and the end of the undercut respectively, and h 1 is the full height of the RFQ vane from the beam axis. In the design, a slope of 45°is provided for the undercut on the vane to spread the power dissipation on the larger area. All these parameters were optimized such that the frequency of the vane-end cutback exactly matches the frequency of the operating quadrupole mode, i.e., 325 MHz. For optimization of the parameters at the entrance end and the exit end, we simulated the models of the first segment and the third segment, respectively. In these models, we ensured a flat field in the full segment in presence of the vacuum ports opening and the tuners insertion. The values of the optimized parameters of the vane-end cutbacks for both ends of the RFQ structure are listed in Table 5 . The resonant frequency of the full length unmodulated RFQ cavity with cutbacks at both ends, opening of vacuum ports and the tuners insertion up to +9.8 mm was calculated to be 325 MHz with field ripple less than ±2% in the transverse electric field profile.
Next, we introduced the modulations on the vane-tips of the RFQ in accordance with the design data obtained from the code VANES. Perturbation due to these modulations on the field profile and frequency, and its correction using tuners are described in the following subsection.
Perturbation due to vane-tip modulations and its correction
In the presence of any local error, there will be a mixing of the field of HOMs with the unperturbed field of the operating mode. This mode mixing perturbs the field profile of the operating mode and the strength of perturbation is larger for a longer structure. We know that the fractional-field error in terms of the cavity resonant frequency shift dv 0 caused by a delta-function error at some position z 0 along the length of RFQ is derived as [2] 
overall field tilt is obtained along the RFQ due to mixing of field component of HOMs, even with the designed modulation parameters without any error. In order to study the effect of the vane modulations, we prepared a model of the RFQ with modulated vanes in the code CST-MWS. The process, which we have followed in order to create the modulations on the RFQ vane-tips, is being described below.
-the longitudinal profile of vane-tip modulations for the horizontal pair as well as the vertical pair of vanes was generated using the program VANES [4] and this was saved as a text file, e.g., '*.txt'; -the transverse profile of vane-tip was modeled in CST-MWS using an arc. The points of arc were already derived from the beam dynamics design using the RFQ Design Codes [4] , and the 2D cross-section optimization studies described in the previous section, using the code SUPERFISH; -the longitudinal vane-tip profile was imported in CST modeler from the text file '*.txt';
-the arc of transverse vane-tip profile was swept along the longitudinal vane-tip profile curve, which modeled the modulated vane-tip along the RFQ length. The vane-tip profile curves in the transverse and longitudinal planes are shown in Figure 16 ; -the same procedure was repeated for several additive small parts of the vane over the tip up to the vane-blank depth. After sweeping these parts along the modulation profile, all parts were added together to model the part of modulated vane up to the vane-blank depth, as shown in Figure 17 ; -remaining part of the vane above the vane-blank depth was generated by a polygon curve extruded up to the full length of the RFQ, and finally added with the part of vane modeled up to the vane-blank depth in order to model a full vane with modulated tips.
In this way, a full model of the RFQ with modulated vane profile was created using the code CST-MWS. The optimized vane-end cutbacks and the tuners inserted up to +9.8 mm were included in the RFQ model with modulated vanes. Using eigenmode solver of CST-MWS code, we calculated the resonant frequency and the field profile of the RFQ cavity. The field tilt due to modulations was calculated to be ±20% and is plotted in Figure 18 . This field tilt is a result of the mixing of higher order quadrupole modes with the unperturbed operating mode due to perturbations 4, 9 (2018) present in the form of vane-tip modulations. Since we have not considered any misalignment or fabrication error in the model, and only a quadrant of the model was simulated with symmetry planes, the contribution of the higher order dipole modes in the perturbed operating voltage is neglected. The resonant frequency of the cavity was found to have reduced by 645 kHz due to effect of vane modulations.
The error in the field may be worse in presence of some machining and misalignment errors. Correction of this error in the field profile may become a serious issue in the case where the tuners operate at flush position. In that case, if one tries to flatten the field using the tuners, some of them may need to be inserted much deeper in the cavity volume, which would increase the resonant frequency significantly. Then, in order to compensate for the frequency error, all the tuners have to be retracted from the cavity volume; however, due to low efficiency of the tuners in the backward direction, as shown in Figure 14 , the resonating frequency may not be restored at the operating value. In that situation, one has to go for a complex solution, e.g., to change the dimensions of the RFQ cavity crosssection in the magnetic field region near vane-base or in the electric field region near vane-tips etc. However, in our tuning strategy, where the tuners are designed to be inserted by +9.8 mm inside the cavity volume by default, we are able to correct the error in the field profile and resonating frequency using only the movement of tuners in forward as well as backward directions efficiently. We have successively increased the insertion depth of the tuners along the RFQ in order to compensate for the local frequency error produced by the vane-tip modulations. The required penetration depth of all the 12 tuners in a quadrant from the low energy end to the high energy end of the RFQ was found to be 9.8 mm, 9.8 mm, 9.9 mm, 9.9 mm, 10.2 mm, 10.2 mm, 10.5 mm, 10.5 mm, 11 mm, 11 mm, 11 mm and 11 mm, respectively. In this way, the field tilt error was reduced to be within ±3%, with resonant frequency recovered at 324.97 MHz, which is also shown in Figure 18 .
In order to confirm the accuracy of the design process of vane-tip modulations in CST-MWS, and to check whether the tuned structure could generate the desired accelerating field, we have also compared the axial electric field derived from CST-MWS with that calculated by the RFQ design code PARI. The axial field profiles, normalized with the maximum value of the axial electric field, are plotted in Figure 19 , which show a good agreement between the profiles.
In a practical RFQ, there may be various errors present in the structure, which would mix the components of higher order quadrupole as well as dipole modes in the operating mode. A study was performed in order to stabilize the operating mode against the mixing of HOMs, which is described in the following section.
Mode stabilization study
In a four-vane type RFQ, there are several undesired electromagnetic modes having frequency close to that of the operating mode. Most important are the dipole modes and the higher-order quadrupole modes. Due to the fabrication and misalignment errors, the operating mode gets perturbed by these nearby modes, and this has detrimental effect on the performance of the RFQ. The dipole modes can deflect the beam transversally, which will affect the beam transmission. On the other hand, the higher order quadrupole modes may give rise to an undesired variation in the longitudinal accelerating field along the length, which will affect the synchronization of the beam with the accelerating field, and hence may deteriorate the beam transmission. It is therefore desired that the operating mode is sufficiently separated in frequency from the undesired nearby modes.
Higher order mode spectrum
The dipole and quadrupole mode spectrum was obtained by solving the full length modulated RFQ model, tuned to minimize the perturbative component of higher order quadrupole modes, as described in the previous section. The mode spectrum can be seen in Figure 20 . The higher order quadrupole mode TE 211 is nearest to the operating mode, and it is separated by +3.1 MHz from the operating mode. This is not too close to the operating mode to produce a significant undesired variation in the longitudinal electric field of the RFQ. However, the resonant coupling technique, proposed by Young [25] , can be used to increase the separation of this mode from the operating mode. Due to the complexity of the resonant coupling scheme, it has been abandoned for the first trial of the fabrication process and the longitudinal field variation due to the higher order quadrupole mode will be compensated by the tuners only.
The neighboring dipole modes are the most dangerous for the operating field pattern inside the RFQ cavity. The dipole modes nearest to the operating mode are the TE 111 mode on the lower side and TE 112 mode on the upper side in the frequency spectrum. The separation of TE 111 and TE 112 dipole modes from the operating mode is calculated to be À2.8 MHz and +6.6 MHz respectively. Typical error during mechanical fabrication or alignment process can mix the field component of TE 111 dipole mode to the field of the operating mode.
For the stabilization of the operating mode field against the mixing of the dipole field component, various techniques have been proposed, e.g., vane coupling rings [26] , pi-mode stabilizing loops [27] , DSR [28] , etc. Being relatively simple to implement and effective as well, the DSR scheme has been chosen to provide a sufficiently wide and symmetric dipole mode free region around the operating mode to avoid the mixing of nearby dipole modes with the operating mode.
Dipole stabilization rods (DSRs)
DSRs are the cylindrical rods attached to the base of the end plates at the entrance and the exit ends. These are inserted longitudinally in each of the four quadrants to distribute the neighboring dipole modes symmetrically around the operating mode. In this way, the perturbation will tend to mix the nearby modes equally, but with opposite sign, with the operating quadrupole mode. Since these neighboring modes have similar characteristics, the effect of mixing one of these modes with the operating one is cancelled by the other mode. As a result, the field is better stabilized against perturbations [25] . The schematic of the DSRs inserted in each quadrant is shown in Figure 21 . The main parameters of the DSR to be optimized are the diameter, the location and the penetration depth in the four quadrants.
The diameter d, and the radial location h of the DSRs in a quadrant of the RFQ, as shown in Figure 21 , can be chosen by observing the frequency shift of the operating quadrupole mode. The criterion for the choice of the diameter of the DSRs is that it should be as small as possible so that it does not perturb the operating mode frequency, and it should have enough space for the cooling arrangement [28] . On the other hand, the location of DSRs is chosen at a particular point on the bisector of the quadrants such that the effect of perturbation on the electric and magnetic fields of the operating quadrupole mode cancel each other such that the frequency of the operating mode remains unperturbed [28] . The calculations were performed for various values of d; and for each value of d, a value of h was found such that the perturbation to the operating mode is minimum. Since the dimensions of vaneend cutbacks at both ends of the RFQ are different, the radial location of the DSRs at both ends are also different slightly. From 3D simulations, the optimum values were found as d = 14 mm, and h = 61.16 mm and 60.81 mm at the entrance end and the exit end respectively.
After determination of the diameter and the location of the DSRs, the optimum length of the DSRs that needs to be inserted in the quadrants, in order to ensure a sufficiently wide and symmetric frequency shift of the nearest dipole modes from the operating mode, was calculated. Calculation of the frequency shift of the nearby dipole modes, as a function of the length of the DSRs was performed using the computer code CST-MWS, and the results are shown in Figure 22 .
The dipole mode excites the TEM-type bar modes in the quadrants [28] , and due to these bar modes, energy is stored in the capacitance formed between the DSRs and the RFQ vanes. While inserting the DSRs up to vane-end cutback depth, the electric field, and hence, the capacitance between vane and DSR is rather small. As a result of this negligible capacitance between DSR and vane, the dipole mode frequencies remain almost unchanged. As it can be seen in Figure 22 , up to around 5 cm insertion of DSRs, the frequency of all the dipole modes remains almost unchanged. As the DSR is inserted more deeply in the quadrants, the capacitance between DSR and vane increases, and consequently, the dipole mode frequencies decrease significantly. It is observed from Figure 22 that for a length of 15.5 cm of DSRs, the shift in the frequency of TE 111 and TE 112 modes from the operating mode, are À4.2 MHz and +4.3 MHz, respectively, which provides a sufficiently wide and symmetric frequency separation from the operating mode.
Conclusion
In the front-end of 1 GeV injector linac of ISNS project, an RFQ is a preferred choice to be used in the low energy regime, which efficiently bunches, focuses, and accelerates the 50 keV H À beam up to 3 MeV. The operating frequency of the RFQ was selected to be 325 MHz. Since the spacecharge effects are very strong at the low energy end, the beam dynamics design of the RFQ is very crucial in order to provide a beam of good quality. The choice of beam dynamics parameters at the transition of the four sections of the RFQ, i.e., RMS, SH, GB and ACC, is a rather involved process. We have described the process in detail with necessary physical explanations. The nonlinear spacecharge can introduce the parametric resonance instabilities in the high current RFQ linac. To avoid these instabilities, equipartitioning condition can be a choice in the design of RFQ. However, the equipartitioning is not a necessary condition to be followed. In our design of RFQ, we did not adopt the equipartitioning condition since it will make the design complex. Instead, we kept the value of tune depression ratio larger than 0.5 in the transverse as well as the longitudinal plane. In this condition, the tune points of the RFQ cross the instability resonance peaks, only where the growth rate of the instability is very weak. As a result of this, 99% particles get accelerated with less than 5% transverse emittance growth.
The transverse cross-section of the RFQ cavity was designed to resonate at 319 MHz, instead of the operating frequency of 325 MHz. This choice was adopted to gain maximum advantage of the tuners in both the directions of their movement. Since the beam dynamics codes do not consider the perturbation in the operating field due to vanetip modulations, the 3D modelling of vane modulations using the code CST-MWS provides a platform to understand and overcome the effect of perturbation in the design stage itself. We calculated the error in the resonant frequency and field flatness due to vane modulations and corrected for this error by inserting successive tuners at varying depths. The HOM spectrum was calculated for the tuned RFQ cavity. The nearest quadrupole mode was found to be separated by +3.1 MHz from the operating quadrupole mode. We propose to compensate for the longitudinal field error, if any, due to mixing of this higher order quadrupole mode, by using the tuners only. The dipole modes, being deflecting in nature, are the most dangerous ones, and there should be sufficient separation in the frequency between the nearest dipole modes and the operating mode, for the stabilized operation of the RFQ. The separation of neighboring dipole modes to the operating mode was calculated to be À2.8 MHz and +6.6 MHz. We have planned to keep a provision of DSRs at both ends of the RFQ to make a sufficiently wide and symmetric dipole mode free region around the operating mode. Based on this design, including the tolerances derived from the error study, fabrication of a complete RFQ structure in three segments, each of around 1.15 m long is under progress.
